. Since this of On-and Off-center responses, and neurons freactivity-dependent process also occurs before the time quently respond to both bright and dark phases of of eye-opening, it too has been thought to rely only on drifting gratings. There is also increased selectivity for spontaneous activity. the orientation of the gratings. These abnormalities of the ferret retinogeniculate pathway.
Results

Responses to Natural Visual Stimuli through Unopened Eyelids
Ferrets open their eyelids around P32. Yet neonatal ferrets start to leave the nest before the end of the third postnatal week (Porter and Brown, 1985 ; our unpublished data). At this age, the kits make fairly stereotyped head movements, which we have characterized from video recordings (6 kits; P18-P24). The typical head movement covered 100Њ of visual space, lasted 1.1 s, and was interleaved with periods lasting 2.2 s when the head was still. These parameters were used, together with digital photographs of the cage environment, to construct movies that mimicked the spatio-temporal properties of natural visual stimuli that might reach the neonatal ferret's closed eyelids. Three different movies were constructed, which differed in spatial but not temporal structure. The movies were presented to the naturally closed eyelids of paralyzed, anaesthetized ferret kits (P20-P26, n ϭ 6 animals) prepared for single-unit recording. Figure 1 shows the stimulus sequence and the responses of three different dLGN neurons. The digitized photographs were preceded by a blank frame of a luminance equal to the mean of the digital images. The first frame of the visual stimulus was presented for 2.2 s (head still), and then there was a rapid sequence of frames (0.99 s in length, mimicking head movement), and the last frame of the movie was presented for 2.2 s (head still again). The whole sequence was repeated 50 times, and the neuronal responses were shown as raster plots.
The responses in Figure 1B clearly show that the naturalistic stimuli provide a potent visual stimulus for geniculate neurons, even when presented through closed lids. The three rasters illustrate a variety of neuronal responses to the stimulus protocol. The first cell, from a occurred at the beginning of the blank and reflected the transition from the last frame.
For analysis purposes, each sequence was divided period (p Ͻ 0.05, Kruskal Wallis). By this criterion, 47 into two separate periods: a "spontaneous period" reout of a total of 56 dLGN neurons (84%) recorded becorded during the blank and a "movie period" that entween P20 and P26 were statistically responsive to the compassed the simulated head movement (see Figure  movies . Across all 56 cells and all movies, the mean 1). A cell was classed as movie responsive if the neuron firing rate during the movie period was 0.90 spikes per showed statistically significant variation in spike firing during the movie period, but not during the spontaneous second (Ϯ0.007), whereas the mean firing rate during Figure 2 . The histograms illustrate how the response varied with the orientation of the drifting grating. The rasters reveal the timing of individual action potentials during 20 repeats of the grating at the optimum orientation. While the responses of geniculate neurons in normally reared animals were not surprising, those from dark-reared animals were unusual in two respects.
Most dramatic was the finding that the responses of neurons in the dark-reared animals could vary considerably with the orientation of the drifting grating. This is apparent when the histograms in Figures 2A and 2B are compared. In control animals, the histograms were essentially flat-there is little variation in response with , some control cells at nificant effect of dark-rearing on both the orientation this age (such as in Figure 3A 3 ) showed evidence of a selectivity and modulation of responses. Mean OSI for surrounding "halo" of inputs as well as the central hotneurons in dark-reared animals was 28.9 (Ϯ2.7; n ϭ spot. The RF profiles of the three dark-reared cells were 44), which was significantly higher (p Ͻ 0.001, Mannvery different. As the PSTHs illustrate, the dark-reared Whitney) than that in controls, where the mean was cells showed clear, time-locked responses to both 12.0 (Ϯ1.1; n ϭ 44). The difference in action potential bright and dark stimuli. Furthermore, the corresponding modulation patterns was also significantly different beOn and Off subregions of the RF were often discontinutween the two populations. The mean dark-reared F2/ ous and usually occupied separate parts of visual space. F1 ratio was 0.47 (Ϯ0.02), which was significantly greater This meant that when the two spatial maps were comthan that of the control cells at 0.35 (Ϯ0.02; p Ͻ 0.001, bined to generate the RF, dark-reared cells had some Mann-Whitney). Neither the level of spontaneous activity regions that were dominated by On and others that were nor the mean firing rate to optimal stimuli was signifidominated by Off. Of the 19 neurons in which RF maps cantly different (see Figure 2) .
were generated in control animals, 17 (89%) showed RFs that were dominated by a single type of input that was localized in space. in the movie, but there is almost no overlap in the firing orientation was reliable) and that had RF maps (n ϭ 6).
between the two pairs. Similar behavior was elicited by The RFs were Fourier analyzed to extract the predicted movies 2 and 3. best orientation (see Experimental Procedures), and this This stimulus-dependent dissociation in the activity was compared with the experimentally measured prepatterns of cells of different type during natural visual ferred orientation. On average, the predicted and meastimulation was very robust and remained when data sured orientation optima differed by 26.3Њ (Ϯ9.0Њ), and from all the recorded neurons were pooled for each all measured optima were within two orientation stimuli animal. Note that the recordings were made from single (45Њ) of the predicted optima. For such a small populaneurons at different times, and the contribution of RF tion, the probability of this happening by chance is 0.06 location was minimized by always attempting to center (see Experimental Procedures), which suggests that the cell's RF on the display screen. Figure 4B plots the some component of a dark-reared cell's orientation bias mean correlation coefficients calculated for all possible can be predicted from the spatial structure of the RF. pairs of neurons of "same type" (e.g., Off-dominated Finally, as with the grating stimuli, the responsivity versus Off-dominated) and for all pairs of neurons of of the dark-reared cells to the square stimuli was not "different type" (i.e., On-dominated versus Off-domidifferent from controls (p Ͼ 0.05, Mann-Whitney). When nated) for each of the movies. For each of the three spikes were averaged across all bright and dark stimuli, movies, the mean correlations for same type cell pairs the mean output of the dark-reared cells was 0.50 were positive and significantly different from zero (Ϯ0.11) spikes per stimulus, and the corresponding (means ϭ 0.44, 0.55, 0.57; p Ͻ 0.001 in each case, one value in the controls was 0.49 (Ϯ0.11). This is noteworthy sample t test). In contrast, the correlations between diffor two reasons. First, it argues that the different referent type cell pairs were negative but also significantly sponse properties observed between the two conditions different from zero (means ϭ Ϫ0.34, Ϫ0.29, Ϫ0.51; p Ͻ are not the result of a nonspecific effect on responsivity.
in each case, one sample t test). Second, it suggests that the absolute number of inputs
In summary, dark-rearing ferrets in the period before is unaltered in dark-reared dLGN cells and that the differeye-opening has striking effects upon the normal segreent response properties of these cells reflect changes gation of On and Off inputs in the retinogeniculate pathin the balance of inputs.
way. Consistent with this, the correlations contained The fact that dark-rearing before eye-opening does in neuronal responses to natural stimuli presented to alter dLGN responses shows that visual experience unopened eyelids are ideally suited for driving and/or through closed eyelids is developmentally important.
refining the convergence of same type inputs and the More specifically, our analyses argue that this early experience contributes to the development of On and Off segregation of opposite type inputs. have been recorded, it may be that visual experience is Tavazoie and Reid, 2000; Stark and Dubin, 1986; but less involved in the initial segregation of these afferents see Daniels et al., 1978) . This was found not to be the but plays an important role in subsequent refinement case in ferrets that were dark-reared prior to eye-openand/or consolidation of afferent segregation. ing. Dark-reared dLGN neurons frequently responded It may also be relevant that whereas previous studies at two phases of drifting gratings, and their RF structures have mainly relied upon anatomical methods to demonhad regions that responded to increases in luminance strate the segregation of On and Off pathways, we have and regions that responded to decreases in luminance.
used quantitative single-unit physiology in vivo in order to observe developmental events. These electrophysioThe simplest explanation for these results is that they logical methods may offer a more sensitive resolution at The responses to natural visual stimuli through closed eyelids offer both an elevated level and a robustly patwhich to detect developmental changes in the functional connectivity. Indeed, a recent study using similar methterned source of activity. Either, or both, of these features could underlie the dark-rearing effects reported ods has found that even after eye-opening, there are changes in the convergence of ferret RGC axons onto here. First, the mean level of activity was higher during periods when natural visual stimuli were presented than dLGN neurons that underlie changes in the RF properties ( while also punishing the "aberrant" connections between cells of different type.
Comparing Patterns of Activity
As well as stimulus-dependent correlations, correIt is widely believed that precise connections between lated activity in the developing thalamus is likely to occur pre-and postsynaptic neurons are governed by "learnas a direct consequence of anatomical connections, ing" mechanisms that are able to interpret patterns of both within the retina and through converging inputs to neural activity in order to strengthen or weaken connecthe dLGN. The stimulus-dependent correlations retions (Katz and Shatz, 1996; Crair, 1999). Under such a ported here were evident even though responses were scheme, the segregation of On and Off pathways would sampled at different times, at different locations in the be achieved via a Hebbian-type learning algorithm that dLGN, and across different animals. Therefore, this form "favors" connections that are coactive and "discourof correlation might reflect a locally robust pattern that ages" connections that are not coactive. When considcould dominate correlations that are not stimulus deering the significance of a particular source of activity, it is therefore important to consider what correlations pendent. Our recordings from individual neurons mean that cell-cell correlated activity under visual stimulation exist within/between populations of cells and the frequency and the temporal fidelity of the activity. One is inferred. Subsequent experiments in which the activity of multiple isolated neurons is recorded simultaneously strength in the literature is that close attention has been paid to the correlational structure of spontaneously patwill be required to further define the strengths, sources, and time courses of correlations during development. . Each square (measuring 29Њ ϫ 29Њ of visual facility had a three-stage dark-proofing system, and infrared gogspace) was presented for 500 ms in 48 different locations on the gles were used to monitor and feed the animals. Dark-reared litters screen. With the screen size used (see above), the stimuli overlapped had normal body weights. Visual experience was minimized during and thus enabled receptive fields to be described with a resolution experimental set-up by covering the eyes with lightproof material. of 9.9Њ ϫ 9.9Њ of visual space. Separate On and Off RF profiles were constructed by counting the total number of spikes elicited when Electrophysiology a stimulus, of a particular polarity (white squares for On and black Electrophysiological recordings were performed as described presquares for Off) and centered at a particular point on the screen, was viously (Krug et al., 2001 ). The exception was that, in the experiments presented. The response at all points was normalized by dividing investigating the consequences of dark-rearing, responses were by the response to the optimal stimulus, regardless of position or recorded after opening the eyelids and protecting eyes with planopolarity. The On and Off profiles were then overlaid to construct contact lenses. An ophthalmoscope (maximum luminance ‫005ف‬ cd the "combined" profile which was smoothed with a Gaussian filter, m Ϫ2 ) was used to identify visually responsive neurons and to classify chosen such that within the distance between two adjacent points cells as responding more to an increase in luminance (On-domiof the original profile, the Gaussian decayed to less than 10%. 
